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Evidence suggesting that iron and calcium are interrelated in oxidant-
induced DNA damage. The effect of iron chelators and agents that buffer
cytosolic-free calcium ([Ca2'],) on hydrogen peroxide-induced DNA
strand breaks in LLC-PK1 cells has not been previously examined. In
addition, the interrelationship between iron and calcium in the patho-
genesis of DNA damage has not been studied in any model of tissue
injury. Exposure of LLC-PK1 cells to I m hydrogen peroxide resulted
in marked DNA damage, as measured by the alkaline unwinding assay
(residual intact double stranded DNA at 10 mm, control: 88 1%;
hydrogen peroxide-treated cells: 17 3%, N = 8). The iron chelators,
I, lO-phenanthroline and deferoxamine, and agents which buffer
[Ca2],, BAPTA and quin-2, provided highly significant protection
against hydrogen peroxide-induced DNA strand breaks. We then ex-
amined the effect of iron chelators on hydrogen peroxide-induced rise in
[Ca2]1 in LLC-PK1 cells. Both I, lO-phenanthroline and deferoxamine
prevented the marked and sustained rise in [Ca2]1 induced by exposure
of LLC-PK1 cells to 1 m hydrogen peroxide ([Ca2']1 at 15 mm, control
100 3 nri; hydrogen peroxide 195 14 nM; 1,10-phenanthroline +
hydrogen peroxide 100 4 nM; deferoxamine + hydrogen peroxide 106
4nM; N= 4). We excluded the possibility that the iron chelators were
directly chelating calcium by performing experiments using a cell free
system. We also confirmed that BAPTA and quin-2, in concentrations
used in our study, chelate calcium but not iron or copper. Our data thus
indicate a role for both iron and calcium in hydrogen peroxide-induced
DNA strand breaks, and suggest that the effect of iron chelators in
preventing DNA damage may be related at least in part to their ability
to prevent oxidant-induced rise in [Ca2]1.
A large body of evidence accumulated over the last decade
indicates that partially reduced oxygen metabolites are impor-
tant mediators of ischemic, toxic and immune-mediated tissue
injury [1]. Recent studies have implicated reactive oxygen
metabolites in the pathophysiology of several models of acute
renal failure. For example, enhanced in vivo generation of
hydrogen peroxide has been demonstrated in two models of
acute renal failure [2, 3], and scavengers of reactive oxygen
metabolites have been shown to be protective in ischemic [4],
aminoglycoside-induced [5] and in glycerol-induced acute renal
failure [6, 7]. Irreversible tubular injury is a salient feature of
acute renal failure, and histological studies have shown that the
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renal tubular epithelial cells are the major site of injury in these
models of acute renal failure [7—9].
The ability of oxidants to induce loss of cell viability in renal
tubular cells has recently been reported [10—12]. When several
different renal tubular epithelial cell lines were exposed to
hypoxanthine/xanthine oxidase, a system that generates super-
oxide anion, hydrogen peroxide and hydroxyl radical or similar
highly oxidizing species, it was found that hydrogen peroxide
was the major reactive oxygen metabolite responsible for tissue
injury [10]. This is presumably because hydrogen peroxide is
both stable and able to freely penetrate cellular targets, where it
may be toxic by itself or through the generation of other
reactive oxygen metabolites. Indeed, we have shown that the
marked loss of cell viability in LLC-PK1 cells on exposure to
hydrogen peroxide (generated by glucose/glucose oxidase) is
markedly reduced by iron chelators [11]. We have also de-
scribed a sustained rise in cytosolic free calcium ([Ca2']1) that
precedes irreversible cell injury in LLC-PK1 cells exposed to
hydrogen peroxide. Hydrogen peroxide-induced cytotoxicity
can also be prevented by agents which buffer [Ca2]1 and those
that prevent mobilization of calcium from intracellular storage
sites, indicating an important role of intracellular calcium in
hydrogen peroxide-mediated cytotoxicity to LLC-PK1 cells
[13].
In our recent study we reported that in LLC-PK1 cells,
hydrogen peroxide caused DNA strand breaks within minutes,
followed by cell death [14]. Although iron chelators and calcium
chelators have been shown to prevent hydrogen peroxide-
induced cytotoxicity in LLC-PK1 cells, their effect on hydrogen
peroxide-induced DNA strand breaks has previously not been
examined.
The protective effects of iron chelators in oxidant-induced
DNA strand breaks has been attributed to their ability to
prevent the site specific generation of the hydroxyl radical
[15—17]. In our study we reported that activation of endonucle-
ase/s, which are calcium-dependent enzymes, are responsible
for hydrogen peroxide-induced DNA damage [14]. However,
the interrelationship between iron and calcium in the pathogen-
esis of DNA damage has not been studied in any model of tissue
injury. In the present study we examined the possibility that the
protective effect of iron chelators in renal proximal tubular
cells, against oxidant-induced DNA damage, is related, at least
in part, to their ability to prevent the rise in [Ca2]1 that follows
exposure to hydrogen peroxide.
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Methods
Cell culture conditions
LLC-PK1 cells (CRL-1392) were obtained from American
Type Culture Collection (ATCC, Rockville, Maryland, USA)
and grown in 75 or 150 cm2 polystyrene tissue culture flasks
(Corning Glass Works, Corning, New York, USA). The cells
were fed with a medium composed of Dulbecco's modified
Eagle's medium (DMEM; Gibco Laboratories, Grand Island,
New York, USA), 2 m nonessential amino acids, 10% heat-
inactivated fetal bovine serum, and 20 m N-2-hydroxyeth-
ylpiperazine-N'-2 ethanesulfonic acid (HEPES). Cultures were
maintained at 37°C, in a 95% air-5% CO2 atmosphere, within a
humidified incubator. The medium was changed 12 to 24 hours
before experiments were performed.
Effect of iron and calcium chelators on hydrogen peroxide-
induced DNA damage
Experimental protocol. LLC-PK1 cells in monolayers were
preincubated with the iron chelators, I, lO-phenanthroline (2
mM) for 30 minutes or with deferoxamine (5 mM) for 60 minutes.
In a similar fashion, to determine the importance of calcium in
the production of DNA damage, LLC-PK1 cells were preincu-
bated for 30 minutes with agents known to buffer [Ca2]1, the
acetoxymethyl esters of I ,2-bis (2-aminophenoxy) ethane N, N,
N',N'-tetraacetic acid (BAPTA/AM, 50 SM), or quin-2 (quin-2/
AM, 50 ILM) or with 8-(N,N-dimethylamino)octyl 3,4,5-trimeth-
oxybenzoate hydrochloride (TMB-8, l0— M), which prevents
mobilization of calcium from intracellular storage sites.
At the end of the preincubation period the cells were washed
three times in serum free DMEM and then exposed to 1 mM
hydrogen peroxide for 10 minutes. At the end of the incubation
period, catalase (800 U/ml; Boehringer Mannheim Biochemi-
cals, Indianapolis, Indiana, USA) was added to destroy hydro-
gen peroxide. The cells were then harvested with a rubber
policeman and pelleted by centrifugation (4°C, 10 mm, 400 g).
The pellet was then resuspended in an appropriate volume of
buffer solution (solution A) in preparation for determination of
DNA strand breaks.
Fluorometric analysis of DNA unwinding. The formation of
strand breaks in double stranded DNA was determined by the
alkaline unwinding method [18], with some modifications. 0.2
ml aliquots of a suspension of LLC-PK1 cells in solution A
(buffer solution containing myoinositol 250 mrvi, dibasic sodium
phosphate 10 m, magnesium chloride 1 mi, pH 7.2) were
pipetted into plastic tubes wrapped in aluminum foil. The tubes
were designated T (maximum fluorescence), P (fluorescence in
sample used to estimate extent of DNA unwinding), or B
(background fluorescence). Experiments were carried out in
duplicate for each experimental condition. To each tube, 0.2 ml
of solution B (alkaline lysis solution, sodium hydroxide 10 mM,
urea 9 M, ethylenediaminetetraacetic acid 2.5 m, sodium
dodecyl sulfate 0.1%) was added and incubated at 0°C for 10
minutes. During this time cell lysis and chromatin disruption
occurs. 0.1 ml each of solutions C (0.45 volume solution B in 0.2
N sodium hydroxide) and D (0.4 volume solution B in 0.2 N
sodium hydroxide) was then added very gently to the P and B
tubes. 0.1 ml of solution E (neutralizing solution, glucose 1 M,
mercaptoethanol 14 mM) was added to the T tubes before
solutions C and D were added. From this point onwards all
incubations were carried out in the dark. A 30-minute incuba-
tion period at 0°C was then allowed during which the alkali
diffused into the viscous lysate. Since the neutralizing solution,
solution E, was added to the T tubes before addition of the
alkaline solutions C and D, the DNA in the T tubes was never
exposed to a denaturing pH. At the end of the 30 minute
incubation the contents of the B tubes were sonicated for 4 to 5
seconds to ensure rapid denaturation of DNA in the alkaline
solution. All tubes were then incubated at 15°C for 10 minutes.
Denaturation was then stopped by chilling to 0°C and the
addition of 0.4 ml of solution E to the P and B tubes with
mixing. 1.5 ml of solution F (ethidium bromide 6.7 g/m1of 13.3
m sodium hydroxide) was then added to all the tubes and their
fluorescence was measured using a fluorescence spectropho-
tometer (F-2000, Hitachi Instrument Corp, Danbury, Connect-
icut, USA). Under the experimental conditions used ethidium
bromide binds preferentially to double stranded DNA, and the
percentage of double stranded DNA (D) can be determined
using the equation: % D = 100 x [F(P) — F(B)]/[F(T) — F(B)];
where F(P) is the fluorescence of the sample, F(B) the back-
ground fluorescence, that is, fluorescence due to all cell com-
ponents other than double stranded DNA, and F(T) the maxi-
mum fluorescence.
Effect of iron chelators on hydrogen peroxide-induced rise in
[Ca2J,
Experimental protocol. To determine the effect of iron che-
lators on hydrogen peroxide-induced rise in [Ca2]1, LLC-PK1
cells grown to confluence were harvested by trypsinization
(0.05% trypsin and 0.53 mrt EDTA, Gibco), as described in our
previous study [13]. Isolated cells were then washed in modified
Gey's buffer and loaded with fura-2 as previously described
[19]. Fura-2 loading (30 mm) was accomplished in modified
Gey' s buffer containing either 1, lO-phenanthroline (2 mM), or
deferoxamine (5 mM). In order to achieve a total of 60 minutes
of preincubation with deferoxamine, LLC-PK1 cells in mono-
layers were preincubated with deferoxamine (5 mM) for 30
minutes before being harvested. Probenecid (2 mM) was added
to the modified Gey's buffer to minimize fura-2 leakage as
previously described [20]. Cell viability after fura-2 loading, and
at the end of the experiment, as assessed by Trypan blue
exclusion, routinely exceeded 95%.
Measurement of cytosolic-free calcium concentration.
[Ca2]1 was measured as previously described [13], but using a
fluorescence spectrophotometer (F-2000, Hitachi Instrument)
with excitation wavelengths (WL) of 340 and 380 nm and an
emission wavelength of 510 nm. In brief, intracellular fura-2
fluorescence was measured using continuously stirred 2 ml cell
suspensions in quartz cuvettes maintained at 37°C by means of
a circulating water jacket. [Ca2]1 was measured at 0,3,6,9, 12,
and 15 minutes after addition of hydrogen peroxide. At the end
of each experiment, the fluorescence measured after the cells
were permeabilized with 50 M digitonin defined the maximum
fluorescence (Fmax) and the subsequent addition of 10 mM
ethylene glycol-bis (f3-aminoethyl ether) N,N,N' ,N '-tetraacetic
acid (EGTA) defined the minimum fluorescence (Fmj,j. [Ca2]1
was calculated using the equation: [Ca2] = Kd [(R — Rmin)/
(Rmax — R)] [Fmin(WL2)/Fmax(WL2)], where R is the ratio ofSlO
nm fluorescence at 340 nm excitation over 380 nm excitation.
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The dissociation constant (Kd) for fura-2 has been determined
to be 224 nM [21].
In separate experiments using a cell free system, we con-
firmed that 1 ,lO-phenanthroline and deferoxamine did not che-
late calcium in the range of 1 to 100 M (data not shown). We
also confirmed that these metal chelators and iron (ferrous or
ferric) did not alter either calcium-fura-2 signal or fura-2 signal
itself (data not shown).
Cell viability studies. Cell viability was determined by means
of the Trypan blue exclusion assay as previously described [22,
23]. In brief, 10 d of 0.4% Trypan blue in 0.9% sodium chloride
was added to 90 l of cell suspension and examined using a
hemocytometer. Cells failing to exclude the dye were consid-
ered to be nonviable and data were expressed as percentage of
non-viable cells.
Measurement of iron and copper ions in a cell free system.
To examine whether or not BAPTA, quin-2 or TMB-8 chelate
iron or copper ions, the ferrous iron content was measured by
non-heme iron assay as in our previous study [24], and copper
content was measured as previously described [25] in Chelex-
treated water with known amount of iron or copper in the
absence or presence of the relevant agents.
Reagents. Fura-2/AM, fura-2, BAPTA/AM, BAPTA, quin-
2/AM and quin-2 were obtained from Calbiochem (San Diego,
California, USA), deferoxamine, and 1, 10-phenanthroline from
Sigma Chemical Co. (St. Louis, Missouri, USA), TMB-8 from
Aldrich Chemical Co. (Milwaukee, Michigan, USA), and
Chelex from Bio-Rad Laboratories (Hercules, California,
USA). All other chemicals were obtained from Sigma Chemical
Co. and were of the highest commercial grade available.
Statistics
All results are expressed as means SE. All experiments
were performed at least in triplicate, in independent cell prep-
arations. Analysis of paired data was performed by the Stu-
dent's t-test. Data from multiple groups were analyzed using
analysis of variance, followed by Fisher's PLSD test. In all
instances P < 0.05 was considered to be statistically significant.
Results
Hydrogen peroxide-induced DNA strand breaks
In a previous study we have reported that hydrogen peroxide,
within minutes of exposure, causes DNA strand breaks in a
dose-dependent manner [14]. Based on these data we used a 10
minute exposure to 1 m hydrogen peroxide in our experi-
ments. As shown in Figure 1, hydrogen peroxide (1 mM)
induced marked DNA damage (17 3% intact double stranded
DNA vs. 88 1% in control cells, N = 8, P < 0.001). These
data are similar to those reported in our previous study [14].
Effect of iron chelators on hydrogen peroxide-induced DNA
strand breaks
The iron chelator, 1 ,lO-phenanthroline, has previously been
shown to protect LLC-PK1 cells from irreversible injury pro-
duced by hydrogen peroxide [23], Utilizing the same dose (2
mM), 1, lO-phenanthroline provided highly significant protection
against hydrogen peroxide-induced DNA strand breaks (81
1% vs. 12 2%, N = 3,P <0.001; Fig. 2A). We confirmed this
protective effect by using a second iron chelator, deferoxamine,
which in a 5 m final concentration, conferred marked protec-
tion against hydrogen peroxide-induced DNA strand breaks (60
2% vs. 20 4%, N = 4, P < 0.0005; Fig. 2B). 1,10-
phenanthroline and deferoxamine do not scavenge hydrogen
peroxide [23]. In separate experiments we confirmed that
1,1 0-phenanthroline and deferoxamine do not interfere with
ethidium bromide fluorescence (data not shown). Taken to-
gether these two observations indicate an important role for a
metal such as iron and/or copper in the production of DNA
damage in oxidant injury.
Effect of calcium chelators on hydrogen peroxide-induced
DNA strand breaks
The effect of BAPTA (50 KM), which buffers [Ca2]1, in
preventing hydrogen peroxide-induced DNA strand breaks is
shown in Figure 3A. This concentration of BAPTA has been
shown in our previous study to be protective against hydrogen
peroxide-induced cytotoxicity [13]. BAPTA provided highly
significant protection against hydrogen peroxide-induced DNA
strand breaks (83 2% vs. 23 2%, N = 5, P < 0.0001; Fig.
3A). Quin-2 (50 sM) conferred similar, albeit less pronounced
protection (44 9% vs. 19 3%, N = 4, P < 0.02, Fig. 3B).
TMB-8, which prevents mobilization of calcium from intracel-
lular storage sites, also protected against hydrogen peroxide-
induced DNA strand breaks (40 1% vs. 21 2%, N = 2, P <
0.01). BAPTA, quin-2 and TMB-8 do not scavenge hydrogen
peroxide [13]. In separate experiments we confirmed that
BAPTA, quin-2, and TMB-8 do not interfere with ethidium
bromide fluorescence (data not shown). We also confirmed that
BAPTA (50 jsM) and quin-2 (50 jsM), but not TMB-8 (l0— M),
chelate calcium, while these agents do not chelate iron or
copper in a cell free system (data not shown).
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Fig. 1. Effect of hydrogen peroxide (11202) on DNA strand breaks in
LLC-PK, cells. Symbols are: (0) control; () H202, I m. Cells were
exposed to H202 (1 mM) for 10 minutes before % double stranded DNA
was determined by the alkaline unwinding method. Values are means
SE; N = 8. P < 0.0001.
I
Fig. 2. A. Effect of metal chelator, 1,10-phenanthroline on H/i2-
induced DNA strand breaks in LLC-PK, cells. Symbols are: (0)
control; (U) H202; () 1,10-PA + H202. Cells were preincubated with
I, lO-phenanthroline (1,10-PA; 2 mM) for 30 minutes, washed, and then
exposed to 1 m H202 for 10 minutes. Values are means SE; N =3.
*f <0.001 compared to cells exposed to H202 alone using a paired
Student's t-test. B. Effect of metal chelator, deferoxamine, on H202-
induced DNA strand breaks in LLC-PK, cells. Symbols are: (0)
control; (I) H202; () DFO + H/i2. Cells were preincubated with
deferoxamine (DFO; 5 msi) for 60 minutes, washed, and then exposed
to 1 mi H202 for 10 minutes, Values are means SE; N = 4. <
0.0005 compared to cells exposed to H/i2 alone using a paired
Student's t-test.
Fig. 3. A. Effect of buffering cytosolic free calcium using BAPTA on
11202-induced DNA strand breaks in LLC-PK, cells. Symbols are: (0)
control; (U) H202; () BAPTA + H202. Cells were preincubated with
BAPTA (50 ELM) for 30 minutes, washed, and then exposed to 1 mM
H202 for 10 minutes. Values are means SE; N = 5. J2 < 0.0001
compared to cells exposed to H202 alone using a paired Student's t-test.
B. Effect of buffering cytosolic free calcium using quin-2 on H/i2-
induced DNA strand breaks in LLC-PK1 cells. Symbols are: (0)
control; (•), H202; () quin-2 + H/i2. Cells were preincubated with
quin-2 (50 M) for 30 minutes, washed, and then exposed to I mist H202
for 10 minutes. Values are means SE; N = 5. < 0.02 compared to
cells exposed to H/i2 alone using a paired Student's t-test.
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Effect of iron chelators on [Ca2J,
We have previously demonstrated that a significant rise in
[Ca2], occurs, beginning as early as one minute after exposure
of LLC-PK1 cells to hydrogen peroxide [13]. Preincubation of
LLC-PK1 cells with the iron chelator, 1, lO-phenanthroline,
prevented the rise in [Ca2]1 following exposure to 1 mM
hydrogen peroxide (N = 4, P <0.0001; Fig. 4). A second iron
chelator, deferoxamine, also proved to be very effective in
preventing hydrogen peroxide-induced rise in [Ca2]1 (N = 4, P
<0.0001; Fig. 5).
We excluded the possibility that the iron chelators could be
chelating calcium rather than preventing a rise in [Ca2]1 by
performing experiments using a cell free system. In these
experiments we found that the calcium-fura-2 signal was not
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altered by the addition of either 1 ,10-phenanthroline (2 mM) or
deferoxamine (5 mM) to Gey's buffer containing between I and
100 M calcium (data not shown). We also confirmed, in
separate cell-free experiments, that 1,10-phenanthroline and
deferoxamine or iron did not alter the fura-2 signal itself. Taken
together these data suggest that the two iron chelators protect
against oxidant-induced DNA damage, at least in part, by
preventing a rise in [Ca2]1.
A 5 m concentration of hydrogen peroxide has been shown
to produce maximal irreversible injury to LLC-PK1 cells, and
this dose of hydrogen peroxide has been used to study the effect
of buffering [Ca2] on hydrogen peroxide-mediated cytotoxic-
ity [13]. Both 1, 10-phenanthroline and deferoxamine again had
a highly significant effect in preventing the rise in [Ca2]1
following exposure to this maximally lethal dose of hydrogen
peroxide (N = 3, P < 0.001; Fig. 6 A and B). In our previous
study 1,10-phenanthroline and deferoxamine were shown not to
scavenge hydrogen peroxide [23].
Discussion
The present study was carried out to determine if agents that
chelate iron and those which buffer [Ca2]1 could protect renal
proximal tubular epithelial cells from oxidant-induced DNA
damage, and to examine the interrelationship between the
observed effects of iron chelators and agents which buffer
[Ca2]1. The iron chelators 1, lO-phenanthroline and deferoxam-
inc conferred highly significant protection against DNA strand
breaks induced by hydrogen peroxide. 1 ,10-Phenanthroline was
more effective than deferoxamine in this regard. Although this
difference may be because 1,10-phenanthroline is a better
chelator of copper (in addition to being a chelator of iron), in a
recent study it was shown that the protective effect of 1,10-
phenanthroline against oxidant-induced DNA damage was due
to its ability to chelate iron [16]. Thus, the greater protection by
1 ,10-phenanthroline is more likely to be due to its smaller
molecular size and hydrophobic nature allowing it greater
access to intracellular sites. Our observations document an
important role for metals, most likely iron, in production of
DNA strand breaks in LLC-PK1 cells.
BAPTA, an agent that buffers [Ca2]1, provided almost
complete protection against hydrogen peroxide-induced DNA
damage. Quin-2, another agent that buffers [Ca2]1, also pro-
vided significant albeit less protection against DNA damage.
The reason/s for the differences in the protection between
BAPTA and quin-2 are not clear. The role of [Ca2], in the
pathogenesis of DNA damage has been studied most exten-
sively in thymocytes, where endonuclease activation and DNA
fragmentation are preceded by a sustained increase in [Ca2]1
[26]. We have shown, in our previous studies using LLC-PK1
cells, that hydrogen peroxide produces a marked and sustained
elevation in [Ca2]1 [13]. The data obtained in the present study
indicate the importance of calcium in the production of oxidant-
induced DNA damage in renal proximal tubular epithelial cells.
Since both iron chelators and agents which buffer [Ca2],
protect against DNA damage, it is possible that the protective
effects of BAPTA and quin-2 are secondary to chelation of iron
or copper besides buffering of [Ca2]. However, using a cell
free system we determined that BAPTA and quin-2 in concen-
trations used in our study did not chelate either iron or copper.
In addition, it has previously been shown, using electron
paramagnetic resonance spectrometry, that quin-2 does not
prevent the formation of hydroxyl radicals generated by the
action of Fe2 on hydrogen peroxide [27]. Further, TMB-8 that
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Fig. 4. Effect of metal chelawr, 1,10-phenanthroline, on rise in
cytosolic free calcium following exposure of LLC-PK1 cells to H202.
Symbols are: (0) control; (•) H202; (0)1,10-PA; (•) 1,10-PA + H202.
Cells were preincubated with 1, 10-phenanthroline (1,10-PA; 2 mM) for
30 minutes, washed, and then exposed to 1 mti H202. Values are means
SE; N = 4. P < 0.0001, 1,10-PA + H202 compared to cells exposed
to H202 alone using analysis of variance, followed by Fisher's PLSD
test.
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Fig. 5. Effect of metal chelator, deferoxa,nine, on i rise in cytosolic
free calcium following exposure of LLC-PK1 cells to 11202. Symbols
are: (0) control; (•) H202; (0) DFO; (•) DFO + H,02. Cells were
preincubated with deferoxamine (DFO; 5 mat) for 60 minutes, washed,
and then exposed to 1 mM H202. Values are means SE; N = 4. P <
0.0001 DFO + H202 compared to cells exposed to H202 alone using
analysis of variance, followed by Fisher's PLSD test.
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Fig. 6. A. Effect of metal chelator, 1,10-phenanthroline, on cytosolic
free calcium at 15 minutes after exposure of LLC-PK1 cells to H202.
Symbols are: (0) control; () 1,10-PA; (U) H202; (0)1,10-PA + H202.
Cells were preincubated with I, lO-phenanthroline (1,10-PA; 2 mM) for
30 minutes, washed, and then exposed to 5 msi H202. Values are means
SE; N = 3. < 0.0005 compared to cells exposed to H202 alone
using analysis of variance, followed by Fisher's PLSD test. B. Effect of
metal chelator, deferoxamine, on cytosolic free calcium at 15 minutes
after exposure of LLC-PK1 cells to H202. Symbols are: (0) control;
(0) DFO; (•) H202; (0) DFO + H202. Cells were preincubated with
deferoxamine (DFO; 5 m) for 60 minutes, washed, and then exposed
to 5 ifiM H202. Values are means SE; N = 3. < 0.001 compared to
cells exposed to H202 alone using analysis of variance, followed by
Fisher's PLSD test.
prevents release of calcium from intracellular storage sites also
provided significant protection against DNA damage. Finally,
quin-2 has also been shown to be highly protective against
cytotoxicity induced by ionomycin, a calcium ionophore [13]. It
therefore appears unlikely that the protective effects of BAPTA
and quin-2 are a result of chelation of iron or copper.
and calcium chelators protect against two independent mecha-
nisms of DNA damage. Previous studies, in other mammalian
cells, have attributed the protective effect of iron chelators to
their ability to inhibit site specific generation of hydroxyl radical
[15, 17]. Thus, the protective effect of iron chelators in our
study could be due to the prevention of site-specific DNA
damage. In contrast, the role of calcium in the pathogenesis of
DNA strand breaks has been attributed to its ability to activate
endonuclease(s) which can then result in DNA damage. Thus,
the protective effects of calcium chelators may be related to
their ability to prevent the activation of endonucleases.
In our previous studies we have shown that hydrogen perox-
ide induces a sustained and uncontrolled rise in [Ca2]1 begin-
ning as early as one minute following exposure to hydrogen
peroxide and that this rise in [Ca2]1 is responsible for cell death
[13]. Additionally, we have shown that the DNA damage that
occurs in LLC-PK1 cells exposed to hydrogen peroxide is due
to endonuclease activation [14]. We hence considered the
possibility that the protective effects of iron chelators could be
related, at least in part, to their ability to prevent hydrogen
peroxide-induced rise in [Ca2]1.
We, therefore, examined the effect of iron chelators on
hydrogen peroxide-induced rise in [Ca2]1. When LLC-PK1
cells were preincubated with the iron chelators, 1,10-phenan-
throline and deferoxamine, and subsequently exposed to 1 or 5
m hydrogen peroxide, a highly significant reduction in the rise
in [Ca2] occurred, when compared to that in cells not pre-
treated with the iron chelators. We excluded the possibility that
the metal chelators were chelating calcium rather than prevent-
ing a rise in [Ca2]1 by performing experiments using a cell free
system. In these experiments we found that either calcium-
fura-2 signal or fura-2 signal itself was not altered by the
addition of either 1, 10-phenanthroline (2 mM) or deferoxamine
(5 mM) to Gey's buffer containing between 1 and 100 /LM
calcium. On the basis of these observations it is likely that the
effect of iron chelators in preventing hydrogen peroxide-
induced DNA damage may be at least in part due to the
prevention of the oxidant-induced rise in [Ca2]1.
In the present study we did not examine the mechanism(s) by
which iron chelators prevent the rise in [Ca211. It is conceiv-
able that oxidative stress releases intracellular free iron ('cata-
lytic' iron) which then participates in the generation of hydroxyl
radicals or other highly oxidizing iron oxygen species. The
oxidizing species may then lead to the disruption of intracellular
calcium homeostasis resulting in a sustained rise in [Ca2]1 [28,
29] and activation of calcium-dependent endonuclease with
resultant DNA damage [27, 301.
In summary, both iron chelators and agents which buffer
[Ca2]1 are protective against hydrogen peroxide-induced DNA
damage. The observation that iron chelators prevent the hydro-
gen peroxide-induced rise in [Ca2}, suggests that the effects of
iron chelators in preventing DNA damage may be related at
least in part to their ability to prevent an oxidant-induced rise in
[Ca211. Our data thus provide evidence for an interrelationship
between iron and calcium in the pathogenesis of oxidant-
induced DNA strand breaks.
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